Objective-The aim of this study was to elucidate the molecular signaling mechanisms by which substance P (SP) modulates lymphatic muscle contraction and to determine whether SP stimulates both contractile as well as inflammatory pathways in the lymphatics.
Introduction
The lymphatic system is intimately involved in the maintenance of body fluid balance, protein homeostasis and immune function. A dysfunctional lymphatic circulation can result in a wide range of clinical disorders including edema, altered lymphocyte circulation, depressed immune function and impaired lipid metabolism. However, due to the relatively poor understanding of the mechanisms of contractile activity of lymphatic muscle cells that are essential for lymph flow, only very few therapies and almost no pharmacological treatment options are present for lymphatic dysfunction [33, 53] .
One of the modulators of lymphatic vessel function and lymph flow is Substance P (SP) [4, 10] . SP is an 11 amino acid mammalian neuropeptide that belongs to a family of structurally related peptides called tachykinins, which include neurokinin A and neurokinin B. It is a major mediator of inflammatory responses and affects multiple aspects of immune cell function [28] . In the lymphatic system SP is thought to be released from C sensory fibres around lymphatics [3] . Some of the biological responses of SP include motor control, contraction of smooth muscle, endothelial dependent vasodilation, plasma protein extravasation, nociception, sensory perception and proinflammatory functions [22] . SP is known to mediate its effects through three neurokinin receptors (NK-1R, NK2R, NK3R). These receptors are seven transmembrane G-protein coupled receptors that have preferred binding affinities for SP, NKA and NKB respectively [26] . SP can bind to all three receptors, albeit with varying affinities [38] . A positive chronotropic effect of SP on the lymphatic pump had been shown both in vivo or in vitro mesenteric lymphatic preparations from various animal models [12, 32] [4] . We have recently shown that in rat mesenteric lymphatics, SP acts directly on lymphatic muscle cells and has substantial positive ionotropic effects that improve pump efficiency [10] .
SP plays a major role in inflammation and many inflammatory mediators alter lymphatic contractility and lymph pump activity [28, 47] . During acute or chronic inflammation, SPmediated signaling has been shown to activate the pro-inflammatory extracellular signal regulated kinases (ERK1/2) and p38 Mitogen Activated Protein Kinases (p-38 MAPK) pathway in pancreatic acinar cells or macrophages, respectively [31, 40] . Furthermore, activation of the MAPK pathway by SP has been demonstrated to induce the synthesis of proinflammatory cytokines and chemokines [11] . The MAPKs are essentially a family of serine threonine kinases that include ERK1, ERK2, p38 kinase and Jun NH2-terminal kinase [9] . ERK1/2 and p38 MAPK have been previously reported to have a role in the contraction of both vascular and intestinal smooth muscle and to modulate upstream regulators of myosin light chain 20 (MLC 20 ) phosphorylation [7] . In smooth muscle, agonist-induced contraction is also accompanied by activation and phosphorylation of key components in the MAPK cascade [35] . We have also recently shown that SP increases MLC 20 phosphorylation in rat mesenteric lymphatics [49] . Taken together, we hypothesized that SP activates both contractile as well as pro-inflammatory pathways in lymphatic muscle cells through the neurokinin receptors. To test this hypothesis we investigated the expression of NKRs and MAPKs in lymphatic muscle cells and used pharmacological inhibitors to test the activation of downstream signaling pathways by SP. Our results indicate for the first time that both NK1R and NK3R are involved in SP-mediated activation of MLC 20, p38 MAPK and ERK1/2 pathways. In addition, the data suggest that a crosstalk mechanism exists between these different pathways that may play a role in modulating the inflammatory response as well as lymphatic muscle contraction.
Materials and methods

Materials
Phospho MLC 20 (Ser 19) , phospho-p38, p-38, ERK1/2 and phospho-ERK1/2 antibodies were purchased from Cell Signaling technology (Beverly, MA). Phospho-MYPT1 and MYPT1 antibodies were from Millipore (Billerica, MA). NK1R antibody was purchased from Santacruz Biotechnology (Santa Cruz, CA) and NK3R was obtained from Novus Biologicals (Littleton, CA). Total MLC 20 , horseradish-peroxidase (HRP)-conjugated antimouse IgG and anti-rabbit IgG secondary antibodies, NK1R inhibitor (L703606), NK3R inhibitor (SB222200), PKC inhibitor (GF109203X), protease inhibitor cocktail and DMSO were obtained from Sigma-Aldrich (St. Louis, MO). p38 MAPK inhibitor (SB203580) and ERK1/2 inhibitor (PD-98059) were purchased from Calbiochem (San Diego, CA). Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum (FBS), trypsin and triple antibiotics were from Invitrogen (Gaithersburg, MD). All other chemicals and reagents were from Sigma (St. Louis, MO).
Cell culture
The primary rat thoracic duct lymphatic muscle cell line (RTLMC) and rat mesenteric lymphatic muscle cell line (RMLMC) were established from rat thoracic and mesenteric tissue explants respectively, as we have previously described [27] . The phenotypes of these cell lines have also been routinely verified by immunofluorescence or western blots using various contractile proteins, namely α-vascular smooth muscle actin, γ-enteric actin, smooth muscle myosin heavy chain, caldesmon, calponin and SM22α ( [27] data not shown). Cells were cultured in DMEM supplemented with 10% FBS and 1% triple antibiotics and maintained at 37°C in a 10% CO 2 incubator.
Agonist and inhibitor treatment
RMLMC were plated on 24 well plates and the cells were then grown to around 80% confluence. The cells were serum-deprived for 24hrs before treatment. They were then stimulated with SP (1μM) for various time points ranging from 0, 15s, 30s, 1min, 3mins and 5mins. (For some experiments two additional time points of 15mins and 30mins were included as it has been shown in other studies that SP activates components of the MAPK pathway until around 30 mins, reaching peak activation between 15-20 mins [11, 40] . For the inhibitor treatments, NK1R, NK3R, p38, pERK and PKC inhibitors (L703606, SB222200, PD98059, SB203580 and GF109203X respectively) were dissolved in DMSO to make stock solutions. They were then diluted in serum free DMEM before addition to the cells. Concentrations of inhibitors used for the treatment were 500pM, 10nM, 100nM, 1μM, 10μM and 100μM. The cells were incubated with the respective inhibitors for an hour prior to stimulation with SP (1μM) for 3mins. DMSO vehicle controls were used to ensure that the effect of the inhibitors on the proteins that were analyzed was specific and not due to the 0.1% DMSO, which was present in the inhibitor treated samples (data not shown). No cytotoxicity was evident after DMSO or any of the agonist or inhibitor treatments.
Tissue samples
Male Sprague-Dawley rats weighing 290-330 grams were used for these experiments. The rats were housed in an environmentally controlled vivarium approved by the American Association for Accreditation of Laboratory Animal Care. All animal protocols in this study were approved by Texas A & M University Laboratory Animal Care Committee. The animal was fasted for 24 hours before each experiment, with water available ad libitum. The rats were anaesthetized with Innovar-Vet (0.3 ml kg −1 I.M.), which is a combination of a droperidol-fentanyl solution (droperidol 20 mg ml −1 , fentanyl 0.4 mg ml −1 ) and diazepam (2.5 mg kg −1 IM). To isolate a rat mesenteric lymphatic vessel, a 6-7 cm long loop of small intestine was exteriorized through a midline laparotomy. A section of the mesentery was gently positioned over a semicircular viewing pedestal on a vessel preparation board. A mesenteric lymphatic vessel was centered over an optical window on the preparation board. The exteriorized tissues were continuously suffused with a Dulbecco's phosphate-buffered saline (Invitrogen Corporation, Carlsbad, CA). The lymphatic vessel (80-120 μm in diameter) was isolated under a dissecting microscope using extreme caution not to damage the vessel. After isolation, the vessels were rapidly snap frozen in liquid nitrogen and then stored at −80° till they were used for protein studies.
RNA analyses
RNA was isolated from RTLMC and RMLMC cultures using TRIzol reagent. RNA was also isolated from rat brain tissue that was used as a control. DNAse treatment was done to remove any contaminating genomic DNA. RNA quality was checked by agarose gel electrophoresis. Forward and reverse primers for NK-1R, NK-2R and NK-3R were designed for gene specific RT-PCR to test for expression of NK receptors in lymphatic muscle cells. The primer sequences used were as follows:
RNA was converted to first strand cDNA using reverse transcriptase with a 3′ gene specific primer. An annealing temperature of 60° C and a 2.0 mM MgCl 2 concentration were ideal conditions for NK3R PCR results. For NK1R, PCR amplification was carried out at 57° C. PCR expression of NK2R in brain tissue was standardized at 55° C and 2.0 mM MgCl 2 . Actin PCR was run as a control at 60° C and 1.5 MgCl 2 . PCR amplification of the 128bp NK2R band in rat brain tissue was taken as positive control.
Western blot analyses
After agonist and/or inhibitor treatments RMLMC cells were lyzed in 1X SDS buffer supplemented with protease and phosphatase inhibitors. RTLMC as well as rat brain, aorta, and lymphatic tissues from mesentery, thoracic and cervical regions were sonicated in the protein-solubilizing buffer and run on a 4-20% precast gradient SDS-polyacrylamide gel (Bio-Rad Laboratories). The proteins were transferred to a nitrocellulose membrane with a Bio-Rad transblot apparatus. The transfer was verified with Ponceau-S staining. The membrane was blocked in 5% milk in TBS/TBST and then incubated with a primary antibody followed by incubation with the corresponding HRP-conjugated secondary antibody. The following dilutions of the primary antibodies in TBS were used: p-MLC 20 (1:500), MLC 20 and GAPDH (1:5000), phospho-MYPT1, MYPT1, phospho-p38 MAPK, p-38 MAPK, ERK1/2, phospho-ERK1/2, NK1R and NK3R (1:1000) and actin (1:10000). The immunoreactive bands were visualized using the Pierce detection system (SuperSignal West Dura Extended Duration Substrate, Pierce). Densitometric analyses on the resulting bands were performed using Quantity One Multi-Analyst Software (BioRad). The membranes were stripped using ImmunoPure ® IgG Elution Buffer (Pierce) and then reprobed. GAPDH was used as the loading control.
Statistical analysis-Data are expressed as mean±SEM that was calculated and plotted using GraphPad Prism (GraphPad Software Inc, La Jolla, CA). Statistical analysis was carried out for all the experiments using one-way Analysis of Variance (ANOVA) followed by Fisher's least-significant difference (PLSD) posthoc test with the StatView Software (SAS Institute Inc, Cary, NC) [52] . A value of p<0.05 was considered to be significant.
Results
SP enhances phosphorylation of MLC 20 in a time dependent manner
To investigate the role of SP in stimulating MLC 20 phosphorylation in lymphatics, mesenteric lymphatic muscle cells were treated with SP (1μM) for various time points ( Figure 1A) . SP treatment showed a significant increase in the levels of MLC 20 phosphorylation in a time-dependent manner, with a maximum effect observed at 3 mins. Furthermore, activation of MLC 20 by SP was found to correlate with SP-mediated phosphorylation of p-MYPT1, a known regulator of MLC 20 phosphorylation ( Figure 1B ).
NK1R and NK3R are expressed in lymphatic muscle cells and tissues
It is not clear which neurokinin receptors are expressed in the lymphatic system and there is no clear documented evidence as to which specific receptor is important for SP-mediated signaling in the lymphatics. Hence, expression of the NK1R, NK2R and NK3R was examined in the RTLMC and RMLMC cell lines. RT-PCR analysis of the receptor mRNA expression was carried out for all three receptors using semi-quantitative RT-PCR analyses. Total RNA isolated from rat brain tissue was used as a control. Expression of the NK1R and NK3R was readily detected in both the cell lines. However there was no detectable expression of NK2R in the two lymphatic muscle cell lines analyzed, although NK2R expression was found in the brain tissue used as a positive control (Fig 2A.) . Expression of the NK1R and NK3R was then examined at the protein level and expression was found in the various rat lymphatic tissues including thoracic, cervical and mesenteric lymphatics ( Figure 2B ).
SP activates the p38 MAPK and ERK1/2 pathways in lymphatic muscle cells
In order to determine whether components of the MAPK pathway are expressed in the lymphatic system and if SP activates this pathway, we analyzed the expression of p38 MAPK and ERK1/2 in lymphatic muscle cells. SP stimulated the increase in phosphorylation of p38 MAPK in a time-dependent manner. The expression of p-p38 MAPK was found to increase within 15 seconds of stimulation with SP. Expression peaked at around 3 mins and then gradually declined by 30mins. The levels of p-38 MAPK remained unchanged ( Figure 3A) . Phosphorylated ERK1/2 also showed a significant increase at 3mins and expression levels declined almost to basal levels after 30mins of SP treatment ( Figure 3B ). Phosphorylated forms of both p38 MAPK and ERK1/2 were also detected in cervical and thoracic lymphatic tissues (Figure 3) .
SP signals through a combination of NK1R and NK3R and their inhibition suppresses downstream signaling pathways activated by SP
In order to determine which of the two neurokinin receptors were essential for SP signaling in the lymphatics, we used inhibitors specific for neurokinin receptors and assayed for the downstream signaling effectors of SP. RMLMC cells were treated with varying concentrations (500pM to 100μM) of NK1R inhibitor (L-703606) or NK3R inhibitor (SB222200) or a combination of both inhibitors together for one hour and then stimulated with SP for 3 mins. Pre-incubation of RMLMC cells with NK1R or NK3R inhibitors significantly decreased SP-induced phosphorylated forms of MLC 20 , p-38 and ERK1/2 in an inhibitor concentration dependent manner (Figures 4 and 5, respectively) . At higher concentrations of L-703606 (10μM and100μM) inhibition of NK1R showed a more potent decrease in the phosphorylated forms of MLC 20 , p-38 and ERK1/2 as compared to the inhibition of NK3R, indicating that NK1R may be the more active receptor for SP signaling in the lymphatics. When the cells were treated with a combination of both inhibitors and then stimulated with SP, almost complete inhibition of p-MLC 20 , p-p38 MAPK and p-ERK was observed at higher concentrations of the inhibitors (Figure 6 ).
Inhibition of p-ERK and PKC decreases MLC 20 phosphorylation while p-38 MAPK inhibition does not
Since increased phosphorylation of p-p38 MAPK and p-ERK, as well as MLC 20 , occurs in the lymphatics on stimulation with SP, and both p-p38 MAPK and p-ERK1/2 have been implicated in muscle contraction [7] , we investigated crosstalk between these two pathways. To explore the role of activated MAPKs in SP stimulated MLC 20 Figure 7A ). Conversely, inhibition of p38 MAPK had almost no effect (or a slight increase at 1μM) on levels of phosphorylated MLC 20 ( Figure 7B ). As PKC is a known regulator of p-ERK, we wanted to examine whether it was involved in mediating the effects of SP on MLC 20 phosphorylation. PKC inhibition with GF109203X and subsequent SP stimulation showed a decrease in MLC 20 phosphorylation levels ( Figure 7C ). Furthermore PKC inhibition decreased the levels of p-ERK1/2 ( Figure 7D ), suggesting that PKC plays an intermediary role in SP induced and p-ERK mediated activation of MLC 20.
Discussion
The data presented in this study demonstrate that SP activates p38 MAPK/ERK1/2 and MLC 20 phosphorylation, indicating that SP modulates both pro-inflammatory and contractile pathways in LMCs, through NK1 and NK3 receptors. In addition, the results show that the SP mediated inflammatory and contractile regulatory pathways are intertwined in the lymphatics.
Several studies have shown that classical inflammatory mediators, such as prostanoids [8, 13, 18, 24, 45, 55] histamine [2, 16, 21, 23, 43] or nitric oxide [25] modulate lymphatic pumping and drainage. In addition, neuromediators that are important in immune and inflammatory responses, such as SP, calcitonin gene related peptide (CGRP), neuropeptide Y or vasoactive intestinal polypeptide, are reported to strongly affect lymphatic vessel contractility [1, 4, 10, 17, 29, 49] . Thus there is substantial evidence that the lymphatic system is intimately involved in and highly altered during inflammatory disease. Release of inflammatory mediators, in addition to increasing vascular permeability during inflammation is thought to play a pivotal role in modulating lymphatic vessel function [47] . However, the signaling mechanisms of these inflammatory mediators have not been addressed in lymphatics. In this study, we have addressed the SP-mediated signaling pathways in lymphatic muscle cells.
Previous functional studies have shown that SP stimulates contraction of rat mesenteric lymphatic vessels [4, 10, 49] . At low concentrations SP enhances lymphatic contractility and pump efficiency. In quiescent vessels, this stimulation of lymphatic contraction frequency causes an active pumping state, resulting in an increased lymph flow [4] . It is proposed that SP release is graded and is thus able to modify lymphatic vessel function and hence lymph flow in a concentration-dependent manner [10] . Several in vivo and in vitro lymphatic contractile measurement studies [4, 12, 32] showed that the lymphatic pumping or contractile activity reached maximum at 1.0 μM SP concentration. Furthermore, we have recently shown that 1.0 μM SP increased both the tonic contraction strength and phosphorylation of MLC 20 in rat mesenteric lymphatics [49] . Hence we used 1.0 μM SP concentration in this study and addressed the SP-mediated downstream signaling pathways that are involved in the regulation of MLC 20 phosphorylation.
The molecular analyses data (Figure 2 ) demonstrate that both NK1R and NK3R are expressed in lymphatics, whereas the NK2R expression was not detected. In guinea pig mesenteric lymphatics, the nonspecific NK receptor blocker spantide and the more selective NK1 receptor antagonist WIN51708 impaired SP-induced alterations of lymphatic pumping, indicating that SP actions in the lymphatics were mediated by NK1 receptors [32] . In contrast, in rat mesenteric lymphatics the effects of SP on lymphatic pumping activity were only partially mediated through NK1R and other NK receptors were possibly involved [10] . The authors further proposed that SP exerts its effects on the rat mesenteric lymphatics by acting on the lymphatic muscle and not the endothelium [10] . In this study we have found that in rat mesenteric lymphatic muscle cells both NK1R and NK3R are necessary for SP mediated signaling. It has been recently shown that the functional NK2R is absent in the mouse macrophage and its main ligand NKA signals through the NK1R [40] . We also failed to detect the expression of NK2R in lymphatic muscle cell cultures by RT-PCR, although positive expression of NK2R was detected in the rat brain, indicating that SP possibly mediates its functions primarily through the NK1R and/or NK3R in lymphatic muscle cells. However, further experiments, such as RT/PCR and western blots, are warranted to completely rule out the possibility of detectable NK2R expression in the intact lymphatic tissues.
As shown in figure 2C , double bands of the NK1R were observed in cell culture samples treated with SP. It has been reported that after exposure to high concentrations of agonists (>10 nM SP), the NK1R is extensively phosphorylated, which may account for the second higher-sized band that we observe [34] . The signaling pathways of NK receptors can affect each other by intracellular crosstalk and it has been shown in case of G-protein coupled receptors (GPCRs) that a single agonist can regulate a cell through activation of different receptor subtypes [30] [36] . It has been proposed that when receptor desensitization and internalization of one neurokinin receptor occurs, cells may still respond to the agonists by retention of another neurokinin receptor at the cell surface [36] . In keeping with this hypothesis, our data suggest that SP signals through a combination of both NK1R and NK3R. Upon inhibition of the NK1R and NK3R, individually, there is substantial reduction of phosphorylated MLC 20 , p-ERK and p-p38 MAPK, and the inhibition is almost complete when both the NK receptors are inactivated, suggesting the involvement of both receptors in SP-mediated signaling in the lymphatic system (Figures 4-6) . Furthermore, our data suggest that NK1R inhibition causes the more potent effect, considerably decreasing SP mediated downstream signaling at higher inhibitor concentrations, indicating that NK1R maybe the main functional receptor for SP signaling in lymphatics.
SP has been shown to activate members of the MAPK cascade including ERK1/2 and p38 MAPK [50] . Mammalian MAPKs form a complex network of signal transduction pathways. p38 MAP kinases are mainly activated by pro-inflammatory cytokines and environmental stress. Whereas, the ERK group of MAP kinases are activated in response to extracellular stimuli [44] . During chronic inflammation, SP has been shown to enhance chemokine responses in macrophages by activation of the p38 MAPK and ERK1/2 pathways [42] . Stimulation of SP receptors in astrocytoma cells leads to an increase in ERK1/2 phosphorylation and this activation pathway is calcium-dependent [51] . p38 MAPK has been shown to be activated by proinflammatory cytokines such as TNF-α and IL-1. SP-activated p38 MAPK functions as a signal transduction component that mediates SP-induced IL-6 expression [11] . This study shows for the first time that SP activates p38 MAPK and ERK1/2, in the lymphatic system. Both SP and the lymphatic system are intrinsically involved in mediating inflammatory responses as well as immune function, and functions of the lymphatic system are dependent on its contractile activity [4] Hence in this study we also evaluated if there was an overlap between the MAPK and MLC 20 signaling pathways in the lymphatic system. MAPK pathways as the p38 MAPK and p-ERK1/2 have been implicated as having a role in MLC 20 phosphorylation, as well as being closely linked to the contraction process in vascular smooth muscle [15] . ERK1/2 has been shown to directly phosphorylate MLC kinase, resulting in enhanced phosphorylation of MLC 20 [19] . Our results correlate well with these findings and demonstrate that inhibition of ERK1/2 phosphorylation decreases phosphorylation of MLC 20 ( Figure 7A ). Several studies have also reported a connection between PKC and p-ERK1/2 activation as well as PKC activation by SP stimulation [41] . PKC is a major modulator of contraction, which is regulated by Ca 2+ -dependent andindependent mechanisms in vascular smooth muscle [48] . In colonic smooth muscle it has been shown that MAPK is activated during PKC-mediated contraction [14] . Hence, we investigated the role of PKC in mediating SP-induced activation of p-ERK1/2 and its subsequent stimulatory effects on phosphorylation of MLC 20. Our results suggest that PKC may be playing an intermediary role in this pathway and that PKC inhibition reduces activation of both p-ERK and MLC 20 . Fiebich et al., [11] have shown that p38 MAPK pathways induced by SP are independent from SP-mediated ERK1/2 activation. Interestingly, in the present study we found that inhibition of p38 did not decrease MLC 20 phosphorylation, suggesting that ERK1/2 and p38 activation by SP may also mediate different functions in the lymphatics.
Some interesting questions that arise from this study and still remain to be answered are what is the functional consequence of SP "inducing" inflammation and the subsequent modulation in contraction? Another question is whether these functions are linked in order to heal or does SP activation/contraction lead to lymphatic dysfunction? From the literature it is evident that SP has been extensively described to be an important mediator of inflammatory responses and pathological conditions associated with inflammation, including asthma, inflammatory bowel disease, rheumatoid arthritis and pancreatitis [6, 37, 39, 54] . SP is released from C-sensory fibers that have been shown to be involved in neurogenic inflammation and SP has been implicated as one of the agents responsible for vasodilation and plasma extravasation under these conditions [4, 20] .
We have previously shown that SP causes an increase in lymphatic contractility both in vivo and in vitro [4, 10] . Lymph flow has been generally found to increase during inflammatory reactions, due to increases in vascular permeability and resultant increases in interstitial fluid; and the function of lymphatic vessels to adapt their pumping activity to changes in fluid load is particularly important during inflammatory reactions [46, 47] . It has been shown that mesenteric lymphatic pumping increases during edemagenic stress caused by dilution of plasma in rats in vivo [5] . The multitude of inflammatory mediators, which gain entry into the lymphatic vessels or present in the vessel environment, could also regulate lymph flow, by directly affecting lymphatic contractility [46] . In vivo however, it is difficult to determine whether a lymphatic response is due to a direct stimulation by inflammatory mediators, or is a secondary consequence of other aspects of the inflammatory response, such as edema and subsequent vessel filling [47] .
From the present study it is evident that SP induces both inflammatory pathways and contractile pathways in the lymphatic muscle cells. It is also evident that the key inflammatory pathway mediator, p38 MAPK is activated very rapidly (within 15 seconds) upon SP stimulation while the contractile regulatory molecule, p-ERK is activated relatively slower following SP application. Taken together, we propose that SP could be an important determinant in response to pathological conditions to modulate the lymphatic contractile activity. Our notion is that different concentrations of SP found during inflammatory conditions may activate parallel pathways, which crosstalk with each other, and that a graded release of SP in such conditions would maintain a fine balance between modulation of contractility and progression of inflammation. Future experiments are warranted to test this hypothesis.
In summary, the results presented in this study demonstrate for the first time that SP mediated signaling in the lymphatic muscle occurs either singly or through a combination of NK1R and NK3R, and that SP activates the proinflammatory p38 MAPK and ERK1/2 pathways, and contractile ERK1/2 and MLC 20 pathways (Figure 8 ). Our data suggest that there is crosstalk between the MAPK and MLC 20 pathways although SP may be activating parallel contractile and inflammatory pathways through its effects on ERK1/2 and p38 MAPK. Further studies are warranted to delineate the other molecular players involved in this crosstalk and their roles in inflammation and lymphatic muscle contraction need to be evaluated. This study thus provides the first evidence that SP mediated signaling in the lymphatic system may be an important bridge between the lymphatic functions of flow modulation, muscle contraction and inflammation. Activation of p38 MAPK and ERK1/2 pathways in the lymphatic system after SP stimulation. A) Top panel: representative blot showing the expression of phospho p38 (pp38) and total p38 in SP-treated RMLMCs at different time points. Bottom panel: the relative expression ratios of p-p38/total p38 from three blots were calculated and the respective means ± SEM were plotted. B) Top panel: representative blot showing the expression of phospho ERK1/2 (p-ERK1/2) and total ERK1/2 in SP-treated RMLMCs at different time points. Bottom panel: the relative expression ratios of p-ERK1/2/total ERK1/2 from three blots were calculated and the respective means ± SEM were plotted. # indicates significant difference compared with control (no treatment) and p<0.05 was considered significant in both A and B. Thoracic duct (ThD) and cervical lymphatic vessel (CLV) also showed expression of these proteins. Inhibition of NK3R suppresses SP-mediated downstream signaling. RMLMC cells were serum-starved and treated with the NK3R inhibitor SB222200 at concentrations 500pM, 10nM, 100nM, 1μM, 10μM and 100μM and then subsequently treated with SP for 3′. A, B and C. Top panels: Representative blots showing expression of pMLC 20 & total MLC 20 , p-ERK & total ERK and phospho-p-38 (p-p-38) & total p38, respectively were presented; bottom panels: the relative expression ratios of pMLC 20 /MLC 20 , p-ERK1/2/total ERK1/2, and p-p-38/total p38 were calculated from three blots and the respective means± SEM were plotted. # indicates P<0.05 compared with control (no treatment) and * indicates P<0.05 compared with SP, that was considered significant. SP signals through a combination of NK1R and NK3R in the lymphatic system. Serum starved RMLMC cells were treated with a combination of NK1R inhibitor (L-703606) and NK3R inhibitor (SB222200) in concentrations ranging from 500pM to 100μM and then subsequently stimulated with SP for 3mins. A, B and C. Top panels: Representative blots showing expression of pMLC 20 & total MLC 20 , phospho-p-38 (p-p-38) & total p38, p-ERK & total ERK, respectively were presented; bottom panels: the relative expression ratios of pMLC 20 /MLC 20 , p-p-38/total p38 and p-ERK1/2/total ERK1/2, respectively was calculated from three blots and the respective means± SEM were plotted. # indicates P<0.05 compared with control (no treatment) and * indicates P<0.05 compared with SP, that was considered significant. Inhibition of p-p38MAPK has almost no effect on phosphorylation of MLC 20 while inhibition of p-ERK and PKC significantly decrease pMLC 20 . A and B. Top panels: Representative blots showing the expression of pMLC 20 and total MLC 20 in RMLC cells treated with p-ERK1/2 inhibitor (PD09859) and p-38MAPK inhibitor (SB203580), respectively, at concentrations ranging from 500pM to 100μM and then subsequently treated with SP for 3′; bottom panels: the relative expression of pMLC 20 Schematic representation of SP-mediated signaling and activation of the MAPK and MLC 20 pathways in lymphatic muscle cells. SP binding to NK1R and/or NK3R activates the MAPK pathway, specifically ERK1/2 and p38, causing an increase in their phosphorylated forms. SP-mediated downstream activation can be blocked by the neurokinin receptor inhibitor NK1R (L703606) and/or NK3R (SB222200) are shown. Activation of p-ERK increases MLC 20 phosphorylation, which is diminished upon inhibition of ERK1/2 with PD-98059. Inhibition of p38 phosphorylation does not decrease pMLC 20 and may play a role in activation of inflammatory cytokines and chemokines by inflammatory mediators as NF-κB and I-κB. PKC possibly plays an intermediary role in this SP-mediated downstream signaling by activation of ERK-mediated MLC 20 phosphorylation, which is abrogated on inhibition with GF109203X. SP signaling may thus be activating parallel contractile and inflammatory pathways by activation of p-ERK and p-38MAPK, respectively. Dashed arrows represent components that have not been directly assessed in this study.
